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ABSTRACT 
The lazy-2 (lz-2) gravitropic tomato mutant has an altered response to gravity. 
The shoots of lz-2 plants grow downward, rather than the normal, upward growth 
response of wild type plants. This response is light-induced. Thus, dark-grown lz-2 
plants respond in a normal, upward direction; but upon exposure to light, the shoots 
assume an abnormal, downward growing growth habit. Other tropic responses are 
not impacted in lz-2 plants. The roots have a normal gravitropic response and the 
shoots have a normal phototropic response. Both the roots and shoots of lz-2 plants 
apparently respond normally to the growth hormone auxin (indole-3-acetic acid, 
IAA). The light-induction of lz-2 has been found to be regulated by the 
photoreceptor phytochrome. A comprehensive analysis ofthe lz-2 light response 
reveals that induction of the mutant phenotype (downwardgrowth) is a composite of 
two types of phytochrome response -a low fluence response (LFR), and a high 
irradiance response (HIR). The HIR is much more effective at inducing downward 
growth. The lz-2 mutant does not appear to be otherwise altered in its phytochrome 
Redacted for Privacyphysiology. A double gravitropic mutant has been constructed through crosses 
between /z-2 and the IAA-insensitive mutant, diageotropica (dgt). Physiological 
analysis of the double mutant indicates that the two loci primarily act independently 
of one another--presumably at different steps of the gravitropic responsemechanism. 
The shoot gravitropic response of the dgt mutant is much slower than wild-type,but 
is in the normal direction. dgt;lz-2 double mutant shoots are also auxin-insensitive 
and also exhibit a sluggish gravitropic response; but in the downward direction 
characteristic of lz-2. Thus, the lz-2 lesion most likely acts "upstream" of dgt, and 
results in an aberrant auxin redistribution or sensitivity, leading to a reversal in the 
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I.  INTRODUCTION 2 
Gravity is an important environmental signal in the growth and development 
of many organisms. Plants have evolved mechanisms to use this stimulus to guide 
their growth and maximize their access to essential resources such as water, 
minerals, and light. For example, the shoot of a germinating seedling grows 
upwards out of the soil where it can utilize light for photosynthesis, whereas its root 
grows downward into the soil where water and minerals are located. The process by 
which a plant grows in response to gravity (gravitropism) has been studied for many 
years (Darwin, 1881). Pioneering work by Frits Went (1928) led to a unified theory 
(known as the Cholodny-Went Theory) for the establishment of gravitropic curvature 
in shoots and roots. However, research in the years that followed has shown that the 
Cholodny-Went Theory is probably not sufficient to explain all aspects of 
gravitropism. In particular, it is not clear how much commonalty exists between the 
root gravitropic response (Moore and Evans, 1986) and that of the shoot (Pickard, 
1985). That the mechanism of root gravitropism is not identical to that of shoot 
gravitropism is illustrated by mutations which specifically alter the gravitropic 
response of one organ, while having no affect on the response of the other (Bell and 
Maher, 1990; Bullen and Poff, 1990). Also, the Cholodny-Went theory has no 
provision for the interaction of gravitropism with other sensory response systems. 
Evidence has accumulated in recent years that there are interactions between the light-
and gravity-response systems in both roots and shoots. However, the mechanism(s) 
of these interactions and their importance in nature remain to be elucidated. 3  
Overview of Gravitropism 
The Cholodny-Went theory for gravitropism states that the plant growth 
hormone auxin (indole-3-acetic acid, IAA) is preferentially transported toward the 
lower side of a plant organ (e.g. root, coleoptile or hypocotyl) which has been placed 
horizontally (gravistimulated). The IAA which accumulates during the gravitropic 
response is proposed to promote cell elongation on the lower side of shoots (causing 
upward curvature), but to inhibit cell elongation on the lower side of roots (causing 
downward curvature). Although some aspects of the original Cholodny-Went theory 
are no longer supported by the data available for root gravitropism (Moore and 
Evans, 1986), it is still generally believed that there is a lateral asymmetry of IAA 
toward the downward side of horizontally placed shoots, and that this asymmetry 
results in increased cell elongation on the lower side. The specific mechanistic steps 
which take place during shoot gravitropism are still largely unknown. 
Shoot gravitropism can be thought of as proceeding through three distinct 
steps--gravity perception, signal transduction, and growth response (Kaufman and 
Song, 1987). Gravity perception is thought to occur through the sedimentation of 
amyloplasts located in the starch sheath cells which surround the vascular bundles 
(for review, see Pickard, 1985). The evidence for this is strictly correlative yet is 
compelling. The amyloplasts of these specific cells contain a large number of starch 
grains which apparently render these organelles directly responsive to the force of 
gravity. The amyloplasts are generally found appressed to the basal end of a starch 
sheath cell. But within 30 seconds of horizontal placement of a shoot, they tumble to 
the downward (with respect to the gravity vector) side of the cell (Heathcote, 1981). 
The starch sheath cells are also thought to be the primary site of polar auxin transport 
from the site of auxin synthesis at the apex to other parts of the plant (Jacobs and 4  
Gilbert, 1983). It is likely that the movement of amyloplasts is responsible for 
initiating the lateral redistribution of IAA (signal transduction). 
The mechanism by which lateral redistribution of IAA occurs is not known. 
One idea is that amyloplast sedimentation causes the release of intracellular Ca2+ 
stores. This, in turn, could lead to a differential stimulation/inhibition of lateral IAA 
carriers, perhaps via a Ca2+-stimulated protein kinase (Pickard, 1985). However, 
there are many other models. These range from selective release of free IAA from 
stored IAA conjugates, to differential stimulation of lateral IAA transporters under the 
influence of stretch-activated ion channels (see Pickard, 1985 for a comprehensive 
review). The net result is an increase in IAA concentration on the lower side of a 
gravistimulated shoot (Migliaccio and Ray le, 1984; Harrison and Pickard, 1989). 
Increased levels of IAA on the lower side of the gravistimulated stem causes 
cell elongation by enhancing the excretion of H+ (Cleland, 1973; Ray le, 1973), 
perhaps through the action of a plasma membrane-bound, H+-ATPase (Ray le and 
Cleland, 1977; Hager et al., 1991). Protons secreted in response to IAA decrease the 
wall pH, which in turn increases the plasticity of the cell walls so that expansion can 
occur through the action of turgor pressure on the wall (Ray le and Cleland, 1977). 
It should be noted that other factors have been implicated in shoot 
gravitropism. For example, there is good evidence that Ca2+ is an important factor in 
root gravitropism (Moore and Evans, 1986), and a functional role has been proposed 
for Ca2+ in shoot gravitropism (Roux and Serlin, 1987). Firn and Digby (1980) 
have suggested an asymmetric auxin sensitivity (rather than distribution) is 
responsible for differential shoot elongation during gravitropism. Lastly, an 
asymmetric distribution of an as yet undefined growth inhibitor has been postulated 
in phototropism (Bruinsma and Hasegawa, 1990), and could theoretically be 
important in shoot gravitropism as well. 5 
Summary of Light- and Gravity-Interactions 
Plants have evolved multiple pigment systems in order to utilize different 
wavelengths of light. For example, growth toward a light source (phototropism), 
cell elongation, and anthocyanin synthesis are examples of physiological processes 
regulated by a blue light-absorbing photoreceptor. This receptor was dubbed 
"cryptochrome" because its existence has historically been difficult to prove 
experimentally. However, recent genetic and physiological data (Khurana and Poff, 
1989; Liscum and Hangarter, 1991) strongly indicate the existence of at least one, 
but perhaps multiple, blue light-absorbing photoreceptor(s). There is no evidence for 
an interaction between blue light and the gravity response mechanism. 
Phytochrome is the best studied photosensory pigment system. It is a 
photoreceptor which is interconvertible between an inactive, red light-absorbing form 
and an active, far-red light-absorbing form. Phytochrome controls many aspects of 
plant growth and development including stem elongation, chloroplast development, 
chlorophyll and anthocyanin synthesis, seed germination and hook opening (see 
Smith and White lam, 1990, for a review). 
There are several reports in the literature of light-induced enhancement of 
gravitropic curvature in roots (Hart and MacDonald, 1980b, and references therein). 
However, the clearest example of an interaction between phytochrome and a gravity 
response is found in the roots of Convolvulus arvensis (Tepfer and Bonnett, 1972) 
and certain varieties of maize (Scott and Wilkins, 1969). In these plants the roots 
exhibit a diagravitropic growth habit (perpendicular to the gravity vector) in the dark, 
but upon exposure to red light become positively gravitropic and grow downward. 
The Merit variety of corn is the most studied. A recent report (Kelly and Leopold, 
1992) concluded that phytochrome modulated the gravitropic response of Merit roots 6 
by affecting the signal transduction pathway, rather than by affecting the gravity 
perception or response mechanisms. 
The data from shoots are even less complete. Kang and Burg (1972) and 
Poff (1992) have reported an increase in the amplitude of the gravitropic response of 
pea epicotyls and Arabidopsis hypocotyls, respectively, when exposed to red light 
prior to gravistimulation. However, Britz and Galston (1982), also working with 
peas, concluded that red light-pretreatment enhanced gravity perception, but that 
ultimately the kinetics and extent of the gravitropic response was unchanged. In 
contrast, a reduction of the gravitropic response of red light-irradiated cress 
hypocotyls has been reported (Hart and MacDonald, 1980a). Thus, the role which 
phytochrome plays in the shoot gravitropic response is uncertain. 
However, it is clear that phytochrome regulates at least one aspect of the 
hypocotyl gravity response--the opening of the apical hook of etiolated (dark grown) 
seedlings. The apical region (immediately behind the cotyledons and apical 
meristem) of an etiolated hypocotyl has a reversed gravity response from the rest of 
the hypocotyl. This region exhibits positive gravitropism (downward growth in 
response to gravity), while the remainder of the shoot grows upright. This behavior 
results in the formation of the apical hook immediately after germination. Formation 
of the apical hook can be abolished if seeds are germinated on a clinostat to 
continually alter the gravity vector (MacDonald et al., 1983). Red (and blue) light 
induce a switch in the gravity response of this region so that it becomes negatively 
gravitropic (like the rest of the shoot) and the hook unfolds (MacDonald et al., 
1982). Interestingly, the light-induced switch from a downward gravitropic 
response to an upward gravitropic response exhibited by the apical hook parallels the 
light-induced switch from a perpendicular gravity response to a downward gravity 
response of Merit corn roots. 7 
Gravitropic Mutants 
It is only recently that a concerted effort has been made to use plants with 
altered gravity responses to investigate the gravitropic mechanism. For the sake of 
discussion, these gravitropic mutants can arbitrarily be grouped into three classes-
plants which carry mutations that lead to an alteration in gravity perception, signal 
transduction, or response. 
Two distinct approaches have been utilized to isolate such mutants. In the 
first approach, one screens for plants with alterations in metabolic processes known 
to be involved in the gravity response. This type of screen has proven useful in our 
understanding of how amyloplasts act as gravity-sensing organelles. Caspar and 
Pickard (1989) isolated the starchless mutant of Arabidopsis which exhibited a 
marked reduction in gravitropic responsiveness. Such a mutant would be categorized 
as a "perception" mutant since, presumably, a reduction in starch would lead to a 
reduction in sedimentation of starch grain-containing amyloplasts. Kiss et al. (1989) 
showed that full gravitropic responsiveness could be restored to this mutant by 
increasing the gravity vector (i.e. via centrifugation). It was found that the reduction 
in the gravity response caused by this mutation was proportional to the increase in 
gravitational force required to restore a full response, supporting a direct role for 
amyloplast sedimentation in the sensing of the gravity vector. lazy-1 (tomato) and 
amylomaize (maize) are also examples of mutations which lead to reduced or absent 
amyloplasts (Roberts, 1987). The normal phototropic response of these mutants 
demonstrates the mechanistic separation (at least in terms of stimulus perception) of 
the phototropic and gravitropic pathways. 
Several investigations have focused on the gravity responses of hormone 
mutants. Typically, such mutants have been isolated from Arabidopsis mutagenesis 8 
schemes designed to isolate auxin-insensitive mutants (e.g., the axr series, Lincoln et 
al., 1990; the aux series, Mirza et al., 1984). The diageotropica (dgt) tomato mutant 
arose spontaneously (Zobel, 1968) and is also insensitive to auxin (Kelly and 
Bradford, 1986). Since these mutations lead to an altered response to IAA, they are 
by definition "response" mutants and as such, generally exhibit a sluggish gravitropic 
response of both the roots and shoots (Gaiser and Lomax, in preparation; Mirza et 
al., 1984), supporting a role for auxin in the gravity response of both organs. One 
disadvantage of screening for mutations in specific steps of the gravity response 
pathway is that, as Poff (1992) points out, such a screen "requires a reasonable 
hypothesis" as to the identity of a given step. Perhaps the lack of knowledge as to 
the mechanism of the "transduction" phase of gravitropism is partially responsible for 
the paucity of transduction mutants. 
The second, more recent, approach to utilizing mutants to analyze the 
gravitropic mechanism has been to screen for plants with specific alterations in their 
gravity response (Bell and Maher, 1990; Bullen et al., 1990). Thus far, the 
conclusions that can be drawn from these newly isolated mutants are few. Perhaps 
the most important insight these studies have yielded is that the root and shoot 
gravitropic mechanisms are clearly genetically separable. The agr mutations of 
Arabidopsis, for example, appear to only affect the root, having no effect on the 
gravity response of the shoot (Bell and Maher, 1990).  Bullen et al. (1990) reported 
that 40% of the mutant lines they isolated exhibited gravitropic abnormalities of only 
the hypocotyl or of only the root. The analysis of the mutations resulting from these 
screens is only beginning, and should yield new insights into the gravity response 
mechanism. 9  
Scientific Rationale 
The lazy-2 (1z-2) gravitropic mutant of tomato provides an opportunity to 
investigate plant responses to the environment. The stems and petioles of plants 
homozygous for the monogenic, recessive lz-2 mutation exhibit the striking 
phenotype of downward growth in response to gravity. That is, curvature of lz-2 
shoots is in the same direction as the gravity vector while the roots of lz-2 exhibit a 
wild-type (downward) gravitropic response. The abnormal downward curvature of 
the shoots is manifested only in the light; when lz-2 plants are grown in the dark, the 
gravity response of the shoots is normal (Roberts, 1987). 
A thorough investigation of the physiology of lz-2 appeared warranted for 
several reasons. First, the report by Roberts (1987) describing the gravity response 
of lz-2 shoots indicated lz-2 was an unusual mutation. This report suggested that the 
lz-2 mutation did not alter the ability to perceive gravity (i.e., not a starch mutation), 
but instead altered either the ability to process this information correctly, or the ability 
to respond to it. Second, only in shoots is the gravitropic response affected in lz-2 
plants. This is in contrast to another gravitropic tomato mutant, diageotropica (dgt), 
which is unable to respond to auxin (Kelly and Bradford, 1986) and has a pleiotropic 
phenotype effecting both the shoots and roots. Since the lz-2 mutant did not exhibit 
the phenotypic characteristics of a gravity perception mutant, nor those of a response 
mutant, the lz-2 lesion could be specific to some aspect of the shoot gravitropic signal 
transduction pathway. Lastly, the light-inducibility of the mutant phenotype 
indicated a direct role for light in the regulation of gravitropism in lz-2, and suggested 
an interaction between the light- and gravity-response systems in wild type stems. 10  
Results of this Study 
In the course of this investigation I have been interested in two broad 
physiological questions: How does a shoot redirect growth in response to gravity? 
and, Does light play a role in modulating the normal gravity response of shoots? 
I have addressed these questions in three ways and I present the results here. 
First, I have conducted an investigation of the lz-2 phenotype in order to define 
important areas of future research. This enabled me to determine the aspects of lz-2 
on which I should concentrate. Second, I have thoroughly investigated the light-
induction of the lz-2 phenotype. I have shown that the aberrant gravity response of 
lz-2 plants is regulated by phytochrome, and I have determined the quantity and 
duration of red light required for maximum induction of the response. Third, I have 
constructed a double mutant homozygous for lz-2 and another recessive mutation 
affecting gravitropism, dgt. I have conducted a thorough physiological analysis of 
the double mutant to determine mechanistic interactions between the two loci. 11 
II. THE GRAVITROPIC TOMATO MUTANT lazy-2 IS ALTERED  
IN SIGNAL TRANSDUCTION  12  
Abstract 
We have begun a characterization of the lazy-2 gravitropic of tomato. The 
shoots of this mutant grow downward in response to gravity, while the roots have a 
normal gravitropic response. The aberrant shoot gravitropic response is light-
induced. In the dark, lazy-2 shoots exhibit a normal (upward) gravitropic response. 
Downward growth of lazy-2 shoots is more rapid in red light than white light, 
suggesting that phytochrome may regulate this response. lazy-2 seedlings appear to 
have a wild type phototropic response. Hypocotyl segments of both dark- and light-
grown seedlings elongate in response to IAA in a wild type manner. Taken together, 
the data are consistent with the notion that lazy-2 plants are not altered in their ability 
to perceive gravity, nor are they altered in their ability to respond to IAA. Rather, 
lazy-2 plants appear to be specifically altered in the formation of a normal growth 
asymmetry during gravitropism. It is not known whether this growth asymmetry is 
due to an altered auxin-asymmetry, an alteration in in vivo auxin sensitivity, or 
aberrant asymmetric distribution of a growth-inhibiting substance. 13  
Introduction 
Plant gravitropism involves many cell types and several mechanistic steps. 
One approach to dissecting such complex processes is with the use of mutants. Such 
an approach has already proven successful in the elucidation of the gibberellin 
biosynthetic pathway in maize and pea (Reid, 1987) and is currently proving useful 
in the study of flower development (Bowman et al, 1989). The study of 
gravitropism in tomato is facilitated by the existence of three gravitropic mutants. 
The phenotypes of these mutants suggest that each carries a mutation in a distinct 
component of the gravitropic pathway: lazy-I, a mutation which greatly reduces the 
number of sedimenting amyloplasts, thereby rendering lazy-I plants unable to 
perceive gravity (Roberts, 1984), lazy-2, which we postulate in the present paper to 
be a mutation in the gravitropic mechanism after perception but prior to response, and 
diageotropica, a mutation which leads to a greatly reduced auxin-response (Kelly 
and Bradford, 1986). 
We have been studying the lazy-2 (lz-2 ) mutant of tomato (Lycopersicon 
esculentum). This mutant has a wild-type gravitropic response when grown in the 
dark. Thus, in the dark the roots curve downward in the direction of gravity 
(positive gravitropism) and the shoots grow upward (negative gravitropism). Upon 
transfer to the light, the shoots of lz-2 plants switch to positively gravitropic growth 
and begin to bend downward (Fig. II.1). Roberts (1987) reported that if the plants 
are returned to the dark, the shoots regain their ability to respond normally to gravity. 
The ability of the roots to respond to gravity is unchanged by light. 
Shoot gravitropism can be thought of as proceeding through three distinct 
steps--gravity perception, signal transduction and growth response (Kaufman and 
Song, 1987; Pickard, 1985). It was previously not known in which component(s) 14 
of the gravitropic mechanism lz-2 plants are altered. We wished to know: 1) 
whether lz-2 plants can perceive gravity, 2) whether some component of the signal 
transduction pathway is altered in the lz-2 mutant and 3) whether the response 
mechanism of lz-2 plants is intact. 
In this paper we present data indicating that light-grown lz-2 plants are 
capable of perceiving gravity and achieving a normal asymmetric growth response. 
lz-2 plants have a wild-type phototropic response and lz-2 hypocotyls respond to 
exogenous auxin in a nearly wild-type fashion.  In addition, the light-induced 
switch from negative to positive gravitropism is potentiated by red light, which may 
indicate a role for phytochrome in the gravitropic mechanism. These findings 
suggest that the lz-2 lesion lies in the signal transduction pathway between gravity 
perception and response. 15 
Figure H.1. Typical 3-month-old lazy-2 (lz-2) and wild type (Ailsa Craig) tomato 
plants grown under greenhouse conditions. The lz-2 plant was staked in order to 
maintain an upright growth habit. In the absence of staking, lz-2 plants will grow 
along the ground. 16  
Materials and Methods 
Plant Material 
Seedlings of Lycopersicon esculentum cv. Ailsa Craig (AC) and an isogenic 
mutant line of lz-2 in AC (obtained from Dr. C.M. Rick, Tomato Genetics Stock 
Center, Davis, CA, USA) were used in all experiments. Seeds were surface 
sterilized in 1.0% Na0C1 (20% commercial bleach) for 15-20 min, washed 
thoroughly in tap H2O and sown in Petri dishes on two layers of unbleached 
absorbent paper towels (Kimtowels, Kimberly-Clark) soaked in distilled H2O. 
Light-grown plants were incubated at 27° under cool white fluorescent lights (50 
p.mol m-2 s-1) with an 18 h photoperiod. For dark-grown plants, the plates were first 
wrapped in aluminum foil and then placed at 27° in a growth chamber. 
Curvature Experiments 
Gravitropic curvature of light-grown plants was determined by placing 5- to 
6-d-old seedlings horizontally on 1% agar plates (150 X 125 mm). The seedlings 
were anchored at the root/shoot junction with a drop of agar. The plates were placed 
on edge and held in place in a plastic rack. The plates were oriented so that the 
seedlings were either parallel (control) or perpendicular (gravistimulated) to the 
direction of gravity. Curvature was monitored by photocopying the plates and 
measuring angles of curvature directly from the photocopies. Control experiments 
indicated that the light resulting from photocopying had no effect on either the rate or 
degree of curvature. 
Experiments on the effect of light quality were carried out with dark-grown 4-
to 5-d-old seedlings. The seedlings were gravistimulated in red light (3.5 .tmol m-2 
s-1) from a 25 W incandescent bulb filtered through a red safelight (Kodak GBX-2), 17 
in white light from fluorescent tubes (50 pmol m-2 s-1), or were maintained in the 
dark. 
Phototropism 
Seeds were sown directly onto H20-soaked paper towels and clamped 
between two pieces of Lucite (see Fig. II.5) and grown in the dark as above. 
Unidirectional white light was administered by illuminating the seedlings with a 25W 
incandescent bulb through a small slit cut in one side of a black box. 
Hypocotyl Elongation 
IAA-induced elongation of hypocotyls was measured with both dark-grown 
and light-grown seedlings essentially as reported by Kelly and Bradford (1986), with 
the following modifications. To keep the developmental stage of light- and dark-
grown plants as similar as possible, 4-d-old dark-grown seedlings were transferred 
to the light for 1 d. The elongation of these "light-grown" plants was then compared 
to plants kept in continual darkness for 4 d. Ten-mm stem segments were excised 
immediately below the hook in dark-grown plants and below the apex in light-grown 
plants. Stem segments were floated on "basal media" containing 2.5 mM KH2PO4 
(pH 5.2), 2.5 mM KCI, 1 mM Ca(NO3)2 and 3% sucrose for 1 h prior to addition of 
IAA. Hypocotyls were incubated for 10 h after addition of IAA and the amount of 
elongation was measured to the nearest mm with a ruler under a dissecting 
microscope. 18  
Results and Discussion 
Gravity Perception 
The ability of lz-2 plants to sense gravity is illustrated by the following 
observations. First, for about the first seven days after germination, lz-2 seedlings in 
white light grew upright in a normal (negatively gravitropic) manner. However, at 
approximately one week post-germination, after hook opening but prior to cessation 
of hypocotyl elongation, the seedlings began to curve downward. This curvature 
was observed as a directed bending approximately 10-15 mm behind the shoot apex. 
Second, lz-2 and wild type seedlings positioned on an agar plate in a "clockface" 
arrangement, and then gravistimulated in white light (Fig. H.2), actively reoriented 
downward rather than simply failing to grow upright. The normal downward 
curvature exhibited by lz-2 roots can also be clearly seen in Fig. 11.2. Third, a 
comparison of the kinetics of curvature of light grown wild type and lz-2 seedlings 
indicated that initially lz-2 seedlings develop a negative gravitropic curvature (Fig. 
11.3). However, the rate and magnitude of the response was less than for wild type 
seedlings and at about 6 h this upward curvature ceased and the shoots began to 
curve downward. This response was also reported by Roberts (1987). Taken 
together, these data indicate that lz-2 hypocotyls are able to perceive gravity, exhibit 
positive gravitropism, and that the lz-2 lesion lies after gravity perception in the shoot 
gravity response pathway. 
Effect of Light on Curvature Response 
In order to establish the quality of light capable of inducing the lz-2 
phenotype, dark-grown lz-2 and wild type seedlings were gravistimulated in the 
presence of red or white light, or were maintained in the dark (Fig. 11.4). The lz-2 19 
Figure 11.2. Nature of the gravitropic response of lz-2 and wild type seedlings. 
Dark-grown four-d-old wild type (top) and lz-2 (bottom) seedlings were positioned 
on 1% agar plates in a "clockface" arrangement. The plates were placed on edge 
(gravistimulated) under white light for 48 h. Compare downward curvature of lz-2 
with upward curvature of wild type, regardless of the initial orientation. 20 
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Figure 11.3. Gravitropism of light-grown wild type and lz-2 seedlings. Six-d-old 
light-grown wild type and lz-2 seedlings were gravistimulated under red light and the 
degree of curvature from the horizontal was recorded at the times indicated. Data 
represent two experiments; each point is the average of greater than 15 seedlings. 
The standard error of the data is indicated. 21 
seedlings gravistimulated in the dark curved more slowly than wild-type, but in the 
upward direction. In contrast, dark-grown plants gravistimulated under red light 
exhibited a downward curvature within 2-4 h after reorientation. This downward 
curvature response was much more rapid in red light than in white light, where 
downward curvature was not apparent for at least 24 h after reorientation. This is 
striking since in these experiments, the fluence rate of white light was over an order 
of magnitude greater than the fluence rate of red light. The potentiation of positive 
shoot gravitropism by red light could implicate phytochrome in the lz-2 curvature 
response. 
MacDonald and Hart (1987) have reported two distinct phases to the 
gravitropic response: initial, rapid curvature localized immediately behind the hook, 
followed by a slower, secondary curvature along the lower side of a gravistimulated 
shoot. The fact that light-grown lz-2 seedlings initially grow upward (in the wild 
type direction) after gravistimulation (Fig. II.3) before commencing downward 
growth suggests that this initial phase is normal in lz-2 plants but that the subsequent 
phase is absent or reversed. 
Gravitropic Response 
In order to determine whether the lz-2 phenotype is due to an inability to 
generate an asymmetric growth response, dark-grown and light-grown seedlings 
were tested for their ability to carry out phototropism. As can be seen in Fig. 11.5, 
light-grown lz-2 and wild type (Ailsa Craig) seedlings have a very similar 
phototropic response. These data demonstrate that lz-2 plants are able to establish a 
normal growth asymmetry in response to light. 
In order to determine whether the lz-2 phenotype is due to an inability of lz-2 
hypocotyls to respond to auxin, 10-mm stem segments from both light- and dark-22  
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Figure 11.4.  Effect of light quality on the gravitropism of dark-grown wild type 
and lz-2 seedlings. Dark-grown four-d-old wild type (squares) and lz-2 (circles) 
seedlings were gravistimulated under red (hatched symbols) or white (open symbols) 
light or were maintained in the dark (closed symbols). Curvature was measured as in 
Fig. 11.3. Data represent three experiments; each point is the average of greater than 
15 seedlings. 23  
Figure 11.5. Phototropism of light-grown wild type and lz-2 seedlings. Seven-d-
old light-grown wild type (Ailsa Craig) and lz-2 seedlings were placed in a black box 
and illuminated for 24 h with a 25 W incandescent light through a slit cut in the box. 24  
grown wild type and lz-2 seedlings were incubated in buffered solutions containing 
IAA, and elongation was measured after 10 h (Table II.1). There was essentially no 
difference in the amount of IAA-induced elongation of dark-grown lz-2 and wild type 
hypocotyls. Light-grown wild type hypocotyl sections appeared to have slightly 
greater elongation than lz-2 hypocotyl sections at 1011M IAA, but the significance of 
this is unclear. 
It appears that lz-2 seedlings are able to respond to auxin normally. It also 
appears that other tropic responses which require formation of an auxin asymmetry to 
achieve a growth asymmetry (e.g. phototropism) are normal in lz-2 plants. These 
data suggest that lz-2 is not an auxin-insensitive mutant and that the cellular processes 
which control auxin redistribution are present. Therefore, the lz-2 mutation might 
lead to an aberrant auxin redistribution (or sensitivity) which is specific to the 
gravitropic mechanism. 25  
Table 11.1. IAA-induced elongation of wild type and lz-2 hypocotyl stem 
segments. 10-mm sections excised from 5-d-old light-grown and dark-grown 
seedlings were incubated in buffered solutions containing the concentration of IAA 
indicated. 10 to 15 sections were used for each IAA concentration and the results are 
expressed as % elongation. This is determined by dividing the mean elongation at 
each IAA concentration by the mean elongation in the absence of IAA. The mean 
and standard error from two experiments are indicated. 
% elongation 
IAA concentration (p.M) 
Condition  Genotype  0  1  10  100 
Dark  wild type  (100)  103  ± 3  106  ± 3  106  ± 1 
lazy-2  (100)  102  ± 3  104  ± 2  106  ± 0 
Light  wild type  (100)  106  ± 2  115  ± 0  116  ± 1 
lazy-2  (100)  107  ± 1  109  ± 2  114  ± 0 26  
Conclusions 
This paper describes initial studies aimed at elucidating the nature of the 
phenotype and physiology of lz-2 plants. The data show that lz-2 plants are capable 
of sensing gravity and responding to it in a directed manner (Fig. 11.2). It is possible 
that light is causing aberrant amyloplast sedimentation, leading to a reversed 
gravitropic response. However, it is more likely that the gravity perception 
mechanism of lz-2 plants is intact, and that the lz-2 mutation leads to a reversal in the 
direction of growth in response to normal gravity perception. 
When dark-grown lz-2 plants were irradiated with white or red light, the 
downward curvature response occurred much more rapidly in red light (Fig. 11.4). 
This may indicate the involvement of phytochrome. The involvement of 
phytochrome in the induction of downward growth of lz-2 plants would be 
consistent with the hypothesis that the lz-2 mutation leads to aberrant interpretation of 
normal gravity perception. In this scenario, the red light-activation of the 
phytochrome system somehow causes a reversal of the gravity-induced growth 
asymmetry, in response to normal gravity perception. 
Light-grown lz-2 plants respond normally to unidirectional light (i.e., 
phototropism, Fig. 11.5) and dark-grown lz-2 plants respond normally to gravity. 
Therefore, lz-2 plants are capable of generating a normal growth asymmetry. That 
lz-2 hypocotyls respond to exogenously applied IAA in a nearly wild-type fashion 
indicates that the lz-2 mutation does not cause an alteration in general auxin 
sensitivity. This suggests that downward growth of lz-2 plants could be due to a 
reversal in the direction of the normal auxin redistribution which takes place during 
gravitropism, leading to a reversal in the growth asymmetry. However, it is possible 
that a specific alteration in auxin-sensitivity occurs during the gravitropic response of 27 
lz-2 plants. Such an alteration could lead to enhanced cell elongation on the upper 
surface, or decreased cell elongation on the lower surface, in response to a normal 
gravity-induced auxin asymmetry; resulting in downward growth. Lastly, that 
downward growth of lz-2 plants is caused by an aberrant lateral redistribution of an 
inhibitor of cell growth cannot be ruled out. Such a redistribution could lead to a 
decrease in cell elongation of the cells on the lower surface of a gravistimulated lz-2 
plant, again resulting in downward growth. 
Future research will attempt to determine which (if any) of these hypotheses 
leads to downward growth of lz-2 plants. Also, the light-induction of the aberrant 
gravitropic response of lz-2 plants will be investigated. 28 
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III. THE ALTERED GRAVITROPIC RESPONSE OF THE lazy-2  
MUTANT OF TOMATO IS PHYTOCHROME REGULATED  30  
Abstract 
Shoots of the lazy-2 (lz-2) gravitropic mutant of tomato (Lycopersicon 
esculentum Mill.) have a normal gravitropic response when grown in the dark, but 
grow downward in response to gravity when grown in the light. Experiments were 
undertaken to investigate the nature of the light induction of the downward growth of 
lz-2 shoots. Red light was effective at causing downward growth of hypocotyls of 
lz-2 seedlings, whereas treatment with blue light did not alter the dark-grown (wild-
type) gravity response. Downward growth of lz-2 seedlings is greatest 16 h after a 
1-h red light irradiation, after which the seedlings begin to revert to the dark-grown 
phenotype. lz-2 seedlings irradiated with a far-red light pulse immediately after a red 
light pulse exhibited no downward growth. However, continuous red or far-red 
light both resulted in downward growth of lz-2 seedlings. Thus, the light induction 
of downward growth of lz-2 appears to involve the photoreceptor phytochrome. 
Fluence-response experiments indicate that the induction of downward growth of lz-
2 by red light is a low-fluence phytochrome response, with a possible high-irradiance 
response component. 31  
Introduction 
There are several reports in the literature of interactions between light and the 
gravity response of higher plants. The clearest evidence and best-studied example of 
such an interaction is the phytochrome-regulated switch from a diagravitropic growth 
habit of dark-grown roots of the Merit variety of corn to a positive gravitropic growth 
habit after red light (R) irradiation (Mandoli et al., 1984). The same response has 
been reported in other varieties of corn (Johnson et al., 1991) and Convolvulus 
arvensis (Tepfer and Bonnett, 1972). Feldman and Briggs (1987) demonstrated that 
the phytochrome response of Merit was a very low-fluence response (VLFR). 
Data on the interactions between phytochrome responses and the gravitropic 
response of shoots are conflicting. Kang and Burg (1972) reported a stimulation of 
the gravitropic response of peas after red light (R) irradiation. On the other hand, 
there are reports of R irradiation resulting in an inhibition of gravitropic curvature in 
peas (McArthur and Briggs, 1979) and water cress (Hart and MacDonald, 1980a). 
Another study (Britz and Galston, 1982) concluded that R-pretreatment enhanced 
gravity perception but that, ultimately, the kinetics and extent of the gravitropic 
response was identical in R-irradiated and dark-grown control plants. Thus, 
although it appears that phytochrome can modulate the shoot gravitropic response in 
some plants, the exact nature of the light/gravity interaction is unclear. 
Here we report on the lazy-2 (lz- 2)gravitropic mutant of tomato 
(Lycopersicon esculentum Mill.), for which exposure to light results in a specific 
reversal in the direction of the shoot gravitropic response. In the dark, lz-2 plants 
exhibit a typical gravitropic response: differential growth leads to an upward 
reorientation of the shoot apex and a downward reorientation of the root apex. 
However, when plants carrying the lz-2 mutation are gravistimulated in the light, the 32  
stem response is reversed so that the shoot apex becomes reoriented downward 
(Roberts, 1987) but the root response is unchanged (Gaiser and Lomax, 1992). If 
the lz-2 plants are returned to the dark, they revert to the wild type, upward 
reorientation of the shoot apex (Roberts, 1987). 
We have previously shown that light-induced downward curvature is a 
directed response to gravity -- rather than simply a failure to grow upright (Gaiser and 
Lomax, 1992). Shoots of lz-2 seedlings apparently sense the gravitropic vector 
normally, but respond in the opposite direction from wild type plants. lz-2 seedlings 
show no variation from wild-type in their elongation response to exogenous indole-
3-acetic acid (IAA), and are able to carry out blue light (B)-mediated phototropism 
(Gaiser and Lomax, 1992). 
Light-induced downward growth of lz-2 stems is enhanced by R, as 
compared to white, light (Gaiser and Lomax, 1992; Roberts and Gilbert, 1992). We 
demonstrate here that this downward growth is regulated by the photoreceptor 
phytochrome. Experiments with dark-grown lz-2 seedlings show that, (a) whereas 
R is capable of inducing the lz-2 mutant phenotype (downward growth of stems), B 
is not; (b) a far-red light (FR) pulse reverses the effect of an R pulse, but both 
continuous R and FR are capable of causing downward growth; and (c) other 
phytochrome-regulated photomorphogenic responses appear normal in lz-2. Taken 
together with fluence-response measurements, the data suggest that downward 
growth of lz-2 seedlings is a low-fluence phytochrome response (LFR), with a 
possible high-irradiance response (HIR) component. 33  
Materials and Methods 
Plant Material 
Wild type (cv Ailsa Craig) and lz-2 tomato (Lycopersicon esculentum, Mill.) 
seeds were originally supplied by Dr. C.M. Rick of the University of California, 
Davis. lz-2 is an ethyl methanesulphonate-induced, monogenic recessive mutation 
originally isolated in tomato cv San Marzano by Sorressi and Cravedi (1967) and 
subsequently backcrossed into Ailsa Craig. Seeds were soaked in 20% (v/v) bleach 
for 15 min, rinsed well with tap water and sown onto Petri plates lined with water-
saturated, unbleached paper towels (Kimtowels, Kimberly-Clark Corporation, 
Roswell, GA). The plates were sealed with parafilm (American National Can, 
Greenwich, CT), wrapped in aluminum foil, and incubated in the dark at 28°C until 
use. 
Scoring Method for Downward Growth 
Four- to 5-d-old dark-grown seedlings were measured with a ruler and 
calipers. Only seedlings with hypocotyl lengths of 4 to 11 mm from the crest of the 
hook to the root/shoot junction were used in experiments; all other seedlings were 
removed. Seedling populations were normalized so that each plate contained an 
equivalent distribution of seedlings within the 4 to 11 mm range. The seedlings were 
maintained in light-tight boxes lined with water-saturated Kimtowels except during 
manipulations, which were performed as rapidly as possible under dim overhead 
green light (<0.05 p.mol m-2 s-1 at seedling level). Each plate of seedlings was used 
for only one timepoint. 
After light treatment, downward growth was assayed. A seedling was scored 
as exhibiting "downward growth" if the apical region was reoriented at an angle 90° 34  
from vertical as in the R-irradiated lz-2 seedlings in Figure III.1. The percent of the 
seedling population exhibiting downward growth was calculated as (number of 
seedlings exhibiting downward growth/total number of seedlings in population) X 
100. This technique has two distinct advantages. First, the orientation of the 
seedlings with respect to the gravity vector was not altered during the course of the 
experiment; that is, light was the only environmental variable tested in these 
experiments. Second, by scoring downward growth using the criteria above, the 
possibility of scoring false positives due to nutation was eliminated. 
Light Sources 
Red light (R) was provided by two overhead fluorescent tubes (40 W 
Shop light, General Electric) filtered through red acrylic (Shinkolite 102, Argo 
Plastics Co., Los Angeles, CA). The R fluence rate was adjusted by varying the 
distance between seedlings and light source. Fluence rates were: 40 mmol m-2 s-1 
(Table 111.1 and Fig. III.2) and 20 pmol m-2 s-1 (Table 111.2). The light source used 
for Figure 111.1, and the fluence-response curves (Fig. III.3), was a microscope light 
equipped with a rheostat to vary fluence rate, a 750 W tungsten bulb (DDB, General 
Electric) and a Shinkolite filter. Fluence rates were measured with a Li-Cor quantum 
sensor (model Li-185A) which measures photosynthetically-active radiation. 
Far-red light (FR) was provided by the microscope light described above 
fitted with a FR filter (FRF700, Westlake Plastics Co., Lenni, PA). A radiometer 
was used to measure FR as W m-2 and converted to innol m-2 5-1 using the energy of 
a photon at 710 nm. According to the manufacturer's specifications, approximately 
80% of the light from this filter is between 700-720 nm. The output from the FR 
source was adjusted with the rheostat. A fluence rate of 40 mol m-2 s-1 was used 
for Table III. 1 and of 20 umol M-2 s-1 was used for Table 111.2. 35  
Blue light (B) was obtained from one 35W fluorescent tube (Westinghouse 
cool white) filtered through blue acrylic (no. 2424, Denco Sales Co., Portland, OR). 
The B fluence rate was 1.0 tmol m-2 s-1 at seedling level. 
For continuous white light (W) experiments, seedlings were incubated in a 
growth chamber (Hoffman Manufacturing, Albany, OR) equipped with six 40 W 
Gro-Lux fluorescent tubes (Sylvania). The seedlings received W at a fluence rate of 
20 pinol m-2 s-1. 
Anthocyanin and Chlorophyll Determinations 
Anthocyanin and chlorophyll were extracted from cotyledons essentially as 
described by Mancinelli et al. (1988) except that acidified (1% HC1, v/v) methanol 
was used at a ratio of 30 mL per g fresh weight of cotyledons. The cotyledons were 
extracted by gently shaking for at least 6 h in the dark in 50 mL conical tubes. The 
supernatants were removed and the absorbance at 530 nm (peak absorbance of 
anthocyanin) and 657 nm (peak absorbance of chlorophyll degradation products) was 
determined. 36  




Figure III.1. Effect of light quality on downward growth of lz-2 seedlings. Dark-
grown, 4-d-old wild-type and lz-2 seedlings were irradiated overnight in R or B or 
were maintained in the dark. Both the B source and the R source provided 
illumination from the side. Phototropism was eliminated by placing the B-irradiated 
seedlings on a rotating platform to continually alter the light vector. Apparent 
variation in hook tightness is a result of camera angle rather than actual phenotypic 
differences. The fluence rate from both light sources was 1.0 limol m-2 s-1. 37  
Results  
R Induction and FR Reversal of Downward Growth in lz-2 Seedlings 
The gravitropic response of wild-type and lz-2 seedlings under two different 
light conditions and in the dark is shown in Figure MA. lz-2 seedlings have a wild-
type response to gravity when grown in the dark. However, R irradiation induces a 
reversal of the gravitropic response of lz-2 shoots leading to downward growth, but 
does not affect the direction of the wild-type gravitropic response. Since it would be 
very difficult to differentiate phototropism from downward growth in seedlings 
irradiated with unidirectional B, B-irradiated seedlings were placed on a rotating 
platform to continually change the light vector (thus eliminating phototropic 
curvature) without altering the gravity vector. B does not alter the gravitropic 
response of either wild-type or lz-2 seedlings. Dark-grown and R- and B-irradiated 
wild-type and lz-2 seedlings are morphologically similar and exhibit no obvious 
differences in hook conformation, cotyledon expansion, or root morphology. 
To test whether the R induction of downward curvature in lz-2 was reversed 
by FR, dark-grown (4-d-old) wild type and lz-2 seedlings received either 0.5 h of 
FR followed by 0.5 h R, or the reverse. Both light sources emitted 40 p.mol m-2 s-1, 
and the plants were scored for downward growth 23 h after the light treatment. As 
can be seen in Table HU, no downward growth occurs in wild-type tomato 
seedlings with either light regimen or in the dark controls. In contrast, 56 ± 5% of 
the lz-2 seedlings exhibited downward curvature when R was given last. However, 
if the R irradiation was followed by an FR irradiation, no downward growth was 
observed. 38 
Table III.1. Downward growth of wild type and lz-2 seedlings in response 
to pulses of R and FR. Dark-grown 4-d-old wild type and lz-2 seedlings were 
irradiated with 0.5 h of FR followed by 0.5 h of R (Far-red/red), or the reverse 
(Red/far-red), and then returned to the dark. The seedlings were scored for 
downward growth 23 h after the final irradiation. Dark-grown controls were 
maintained in the dark for 23 h after a mock irradiation. The data are taken from 
three separate experiments and the standard error (SE) of the means are 
indicated. 
Light treatment  Induction of downward growth, 
% of population ± SE 
wild type  lazy-2 
Dark  0 ± 0  0 ± 0 
Far-Red/Red  0  ± 0  56  ± 5 
Red/Far-Red  0  ±0  0  ±0 39  
Kinetics for Downward Growth following an R Pulse 
To determine the time required for maximal downward growth, dark-grown 
lz-2 and wild-type seedlings were given a 1-h R irradiation and then returned to the 
dark. The number of seedlings exhibiting downward growth was recorded at 
various times post-irradiation as shown in Figure 111.2. Downward growth was 
maximal 16 h after the R irradiation. After more than 16 h in the dark, a gradual 
decrease in the percentage of seedlings exhibiting downward growth was observed 
due to reversion to the dark-grown phenotype. 
Although lz-2 seedlings grow downward after the R irradiation and wild type 
seedlings do not, no difference in overall hypocotyl length was observed in the 
experiment depicted in Figure 1112. In fact, at the fluences that here induce 
downward growth in lz-2, we observe no R-induced inhibition of hypocotyl 
elongation in either wild-type or lz-2 seedlings (although this response is observed in 
the continuous irradiation experiments depicted in Table 111.2). Therefore, it is likely 
that downward growth in lz-2 seedlings is not due to a drastic change in overall 
growth rate, but rather to an alteration in relative growth rates on either side (or both 
sides) of the hypocotyl. 
Induction of Downward Growth as a Function of Fluence 
We have determined the downward curvature of lz-2 seedlings as a function 
of R fluence. Figure 111.3 shows the results of experiments in which seedlings were 
irradiated with various fluences of R, returned to the dark for 16 h, and then assayed 
for downward growth. To better understand the relationship between R fluence rate 
and time of irradiation in the ability to initiate downward growth in lz-2, the R 
fluence was modulated in two ways. First, the fluence rate was kept constant at 40 
tmol m-2 s-1 and the time of irradiation was adjusted (Fig. 111.3, curve A) to achieve 40 
0  4  8  12  16 20 24 28 32 
Time after R irradiation, hours 
Figure 111.2. Kinetics for downward growth following an R irradiation. Dark-
grown lz-2 seedlings with a hypocotyl length of 4 to 11 mm were irradiated with R 
for 1 h (total fluence: 7.2 X 104 mol m-2) and then returned to the dark. 
Downward growth was scored at the post-irradiation times indicated. From three to 
eight experiments with 10 to 30 seedlings per experiment were completed for each 
timepoint. The SE values from these experiments are indicated. 41  
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Figure 111.3 Fluence-response curves for downward growth of lz-2 seedlings. 
lz-2 seedlings were irradiated with R (fluence rate: 40 tmol m-2 s-1) for varying 
lengths of time (A), or with R of various fluence rates for 5,000 s (B), to obtain the 
indicated fluences of R. The seedlings were returned to the dark for 16 h and then 
scored for downward growth. The irradiation times used for curve A were 2.5, 7.9, 
25, 79, 250, 790, 2,500, 7,910 and 25,000 s. The fluence rates used for curve B 
were 0.06, 0.2, 0.63, 2.0, 6.3, 20.0, 63.0 and 200.0 [tmolm-2s-1. From three to 
ten experiments were performed for each fluence. The SE values of these 
experiments are indicated. 42 
the various fluences indicated. Second, the time of irradiation was kept constant at 
5000 s while the fluence rate was adjusted (Fig. 111.3, curve B). Overall, the 
fluence-response curves of Figure 111.3 are similar. The percentage of seedlings 
exhibiting downward growth increased with increasing fluence of R to approximately 
35% at 105 pmol m-2 with either constant time of irradiation (curve B) or constant 
fluence rate of R (curve A). However, the threshold of induction of downward 
growth differs in the two curves by one-half order of magnitude of R fluence. It 
appears that in the fluence range of 102-103.5 pmol m-2, a brighter, shorter 
irradiation (curve A) is more effective at inducing downward growth than a dimmer, 
longer irradiation (curve B). At fluences between 104-105 tmol M-2, the percent 
induction of downward growth is identical regardless of which R regimen is used. 
This suggests that reciprocity is valid over this range of fluences. 
Effect of Continuous Irradiation on lz-2 
It was possible that the difference in the percent of lz-2 seedlings exhibiting 
downward growth at 106 pmol m-2 of R in Figure 111.3 (compare curve A and curve 
B) was due to the difference in time of irradiation at this fluence between the two 
experiments (25,000 s in curve A versus 5000 s in curve B). If true, it would 
suggest that the induction of downward growth of lz-2 consisted of a high irradiance 
response (HIR), as well as an LFR since a greater response with longer irradiation 
times is characteristic of an HIR (Mancinelli and Rabino, 1978). To determine 
whether there was an HIR component to the R induction of the lz-2 gravitropic 
response, we irradiated lz-2 and wild-type seedlings with continuous R, FR, or W. 
As can be seen in Table 111.2, all three light conditions induced downward growth in 
lz-2 seedlings but had no effect on the direction of the wild-type gravity response. 
The small percentage of lz-2 seedlings grown in FR or W that were not scored Table 111.2. Effect of continuous irradiation on lazy-2 and wild type seedlings. 4-d-old lz-2 and wild type seedlings were 
irradiated with continuous R, FR, or W light, or were maintained in the dark. After 2 d, the seedlings were assayed for downward 
growth, hypocotyl length was measured, and the cotyledons were excised and used for anthocyanin and chlorophyll determinations. 
The data represent the means from at least three separate experiments with 15-35 seedlings per experiment. The SE of the means are 
indicated. 
anthocyanin,  chlorophyll,  hypocotyl length,  downward growth 
A530/g fwt  A657/g fwt  mm  % of population 
wild type  ki,  wild type  lazL  wild type  lazy-2  wild type  lazy-2 
Dark  1.6 ± 0.3  1.7 ± 0.2  2.9 ± 0.3  2.9 ± 0.2  57.5 ± 1.7  56.5 ± 1.3  0.0 ± 0.0  0.0 ± 0.0 
Far-red  2.3 ± 0.4  2.6 ± 0.4  3.9 ± 0.4  3.8 ± 0.2  55.1 ± 4.1  47.2 ± 2.2  0.0 ± 0.0  82.1 ± 1.6 
Red  11.9 ±0.7  11.7 ±0.8  43.1 ±3.4  41.7 ±3.3  40.4 ±0.8  39.4 ± 1.1  0.0 ±0.0  100 ±0.0 
White  11.5 ± 0.9  11.8 ± 1.7  40.6 ± 3.8  42.0 ± 5.7  28.7 ± 0.9  28.0 ± 0.2  0.0 ± 0.0  93.4 ± 1.1 44  
positive for downward growth exhibited some degree of downward curvature, but 
<90°. Because continuous FR is capable of causing downward growth of lz-2 
seedlings, it is possible that the fluence-response curves in Figure 111.3 are a 
composite of two responses: a low fluence response (LFR) at short irradiation times 
where reciprocity is valid and FR is capable of reversing the R induction of 
downward growth, and a HIR at long irradiation times where there is reciprocity 
failure and induction of the response by continuous FR. 
Mutants with reduced phytochrome A levels, such as the tomato aurea (au) 
mutant (Parks et al., 1987), or reduced phytochrome B levels, such as the elongated 
internode (ein) mutant of Brassica (Devlin et al., 1992), do not accumulate wild-type 
levels of anthocyanin and chlorophyll after FR or R irradiation, respectively 
(Koorneef et al., 1985; Devlin et al., 1992). The anthocyanin and chlorophyll 
contents of lz-2 seedlings were measured and found to be similar to wild type under 
all light conditions tested (Table 111.2). Also, phytochrome mutants typically exhibit 
an elongated hypocotyl phenotype due to loss of phytochrome A, phytochrome B, or 
both (see Kendrick and Nagatani, 1991, for a review of phytochrome mutants). In 
contrast, the data in Table 111.2 show that lz-2 hypocotyls are not significantly longer 
than wild-type hypocotyls after 2 d of continuous irradiation in R, FR, or W or when 
maintained in the dark. 45  
Discussion 
It has been previously shown that R enhances the downward growth of lz-2 
seedlings (Gaiser and Lomax, 1992; Roberts and Gilbert, 1992). We have now 
characterized the light induction of the lz-2 mutant phenotype and we have 
determined that whereas R is capable of inducing downward curvature, B is not. We 
have also shown that a FR pulse administered immediately after a R pulse will 
completely reverse the R response. This is strong evidence for the involvement of 
phytochrome, a photoreversible pigment system, in the regulation of the lz-2 gene 
product. 
To further define the control of lz-2 by phytochrome, we measured the 
kinetics of downward growth of dark grown lz-2 seedlings after an R irradiation. It 
should be noted that the data presented in Figure 111.2 are not a measure of the time 
required to initiate the change in growth after R irradiation. Indeed, the onset of 
seedling reorientation could be observed as early as 2 h after the R treatment (Gaiser 
and Lomax, 1992), but because these seedlings were curved less than 90° away from 
vertical, they were not scored as exhibiting "downward growth". Furthermore, 
when the seedlings were returned to the dark following the R pulse, reversion to the 
dark grown phenotype began. This was initially observed by Roberts (1987) for 
light-grown lz-2 plants placed in the dark and is evident in the decrease in the 
percentage of seedlings growing downward 16 h after the R irradiation (Fig. 111.2). 
In fact, after 16 h seedlings could be observed which had grown both downward 
and upward sequentially. These seedlings were not scored as growing downward 
(because their apical region was reoriented less than 900), yet they clearly were 
growing downward at some time prior to scoring. 46  
Phytochrome-regulated responses are often categorized as very low fluence, 
low fluence or high irradiance (VLFR, LFR, or HIR, respectively). Induction of 
VLFR's require very little R and are also induced by FR. LFR's usually require 1-
10 pinol m-2 of R for their induction, and this induction can be reversed by an equal 
fluence of FR. A reciprocal dose-response relationship is present in LFR's such that 
a long, dim pulse of R is as effective as a short, bright pulse (of equal fluence) at 
inducing the response. A reciprocal dose-response relationship is not observed in 
VLFR's or HIR's. In contrast to VLFR's and LFR's, continuous R or FR is most 
effective at inducing HIR's and induction of an HIR is not reversed by FR (see 
Smith and White lam, 1990, and refs. therein). 
The fluence-response curves (Fig. B1.3) most closely approximate those of 
an LFR, although the threshold for the R induction of downward growth is roughly 
1 order of magnitude less sensitive to R than is typical (Smith and White lam, 1990). 
R doses below 102 !Imo' m-2 induce very little--if any--downward curvature of lz-2 
seedlings. That this response is photoreversible by FR is also indicative of an LFR. 
However, the large increase in downward growth of lz-2 seedlings observed at 106 
p.mol m-2 (Fig. 111.3, curve A), which is due to duration of irradiation rather than 
absolute fluence, is characteristic of an HIR (for review, see Mancinelli and Rabino, 
1978). High irradiance responses are characteristically elicited not only by R, but 
also by continuous FR. This is also true of downward growth in lz-2 (Table 111.2). 
It seems, therefore, that the fluence-response curves in Figure 111.3 reflect a 
composite of two responses, an LFR and an HIR. 
Mutants exist that have reduced levels of phytochrome A (Parks et al., 1987; 
Parks and Quail, 1993) or phytochrome B (Somers et al., 1991; Devlin et al., 1992; 
Lopez-Juez et al., 1992) or that are deficient in chromophore biosynthesis and are 
therefore unable to synthesize photochemically functional phytochrome (Parks et al., 47 
1989). In summarizing the literature, Parks and Quail (1993) conclude that 
phytochrome controls hypocotyl elongation through an FR-HIR response mediated 
by phytochrome A, and an R-HIR response mediated by phytochrome B. Therefore, 
plants carrying mutations in either phytochrome A or phytochrome B share a 
common phenotype, elongated hypocotyls, under continuous FR or R irradiation, 
respectively. In contrast to these mutants, lz-2 hypocotyls are not significantly 
longer than wild-type hypocotyls after 2 d of continuous irradiation in R, FR, or W 
(Table 111.2). Also, anthocyanin and chlorophyll levels, which are often greatly 
reduced in phytochrome mutants, are similar in lz-2 and wild-type seedlings under all 
light conditions tested. Furthermore, au, a tomato phytochrome A mutant, exhibits a 
number of obvious photomorphogenic aberrations, including pale yellow foliage and 
drastically reduced seed germination (Koorneef et al., 1985) which are not observed 
in lz-2 plants. Therefore, we feel it is unlikely that the lz-2 mutation affects the 
phytochrome molecule itself. However, it is conceivable that lz-2 represents a new 
class of phytochrome mutant. Recent research has made it clear that different forms 
of phytochrome control different aspects of photomorphogenesis (Adamse et al., 
1988; Smith and Whitelam, 1990; Kendrick and Nagatani, 1991), and perhaps some 
form of the photoreceptor molecule itself is altered in lz-2, resulting in the aberrant 
gravitropic response. 
We feel it is more likely that the lz-2 mutation is in a gene that affects some 
step subsequent to photoreception. Perhaps the lz-2 lesion involves an intersection 
point between the light- and gravity-response mechanisms (see Roux and Serlin, 
1987). In this context, Kelly and Leopold (1992) have presented evidence that in the 
Merit cultivar of maize, R is not required for the early steps of gravitropism (i.e., 
perception) but rather modulates or enhances later steps, leading to an altered growth 
response. This is in accordance with our hypothesis that the lz-2 gene product is 48  
involved subsequent to gravity perception in gravitropic signal transduction (Gaiser 
and Lomax, 1992). It is interesting to note that R decreases the amount of indole-3-
acetic acid present in the epidermis of both dicots (Behringer and Davies, 1992) and 
monocots (Jones et al., 1991). Jones and coworkers analyzed IAA transport in R 
and in darkness and came to the conclusion that the R-induced decrease in IAA was 
due to an alteration of IAA transport. Therefore, it is possible that R induces a 
change in IAA transport in lz-2 so that IAA redistribution (lateral transport) during 
gravitropism is reversed or altered--leading to downward curvature. However, at 
this stage other mechanisms, such as changes in hormone sensitivity or alterations in 
an inhibiting compound, cannot be excluded. 49 
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IV. ANALYSIS OF A GRAVITROPIC DOUBLE MUTANT  
OF TOMATO  51  
Abstract 
Stems of light-grown lazy-2 (1z-2) tomato plants grow downward in response 
to gravity; stems of dark-grown plants have a normal (upward) gravitropic response. 
The induction of the mutant growth response has been shown to be regulated by 
phytochrome. We crossed lz-2 plants with the auxin-insensitive mutant, dgt, and 
subsequently generated double mutants homozygous at both the dgt and the lz-2 loci. 
Shoots of the double mutant exhibited red light-regulated downward growth. This 
response occurred much more slowly in the double mutant than in lz-2, apparently 
reflecting the presence of the dgt lesion, as dgt seedlings also exhibit sluggish shoot 
gravitropism. Root and shoot sections of the double mutant were found to be 
insensitive to auxin. The double mutant was indistinguishable from dgt for these 
responses, while lz-2 is very similar to wild type. Roots of the double mutant were 
agravitropic, again reflecting the dgt phenotype. The overall phenotype of the dgt;lz-
2 double mutant indicates that auxin may be involved in the downward curvature 
response of lz-2 in the light, and that the dgt lesion alters auxin response events 
downstream of the lz-2 mutation . 52  
Introduction 
Gravitropism in higher plants is often studied with biochemical and 
physiological assays of wild type plants. Recently, a genetic approach to this 
problem has been initiated: generating and studying Arabidopsis plants defective in 
various steps of gravitropism (Bell and Maher, 1990; Bullen et al., 1990). We have 
utilized this approach by studying two gravitropic tomato mutants: lazy-2 (1z-2) and 
diageotropica (dgt). Specifically, we have constructed double mutant lines 
homozygous for both of these recessive mutations in an attempt to better understand 
the mechanism of shoot gravitropism. 
Shoots of the lz-2 mutant have a normal (upward) growth habit in the dark, 
but grow downward when transferred to the light (Roberts, 1987); the roots have a 
normal gravitropic response in either condition and have a wild type morphology 
(Gaiser and Lomax, 1992). Light-induced downward growth of the shoots is most 
pronounced in red light (R) (Gaiser and Lomax, 1992; Gilbert and Roberts, 1992). 
We have shown that downward growth of lz-2 shoots is regulated by the 
photoreceptor phytochrome, although other physiological processes governed by 
phytochrome appear normal in lz-2 (Gaiser and Lomax, 1993). In addition, the 
phototropic response of lz-2 plants appears normal, as does the ability of stem 
segments to elongate in response to auxin (indole-3-acetic acid, IAA) (Gaiser and 
Lomax, 1992). For these reasons, as well as others, we previously suggested that 
the lz-2 lesion leads to an altered redistribution of a growth regulator(s). This 
redistribution appears to be specific to the gravity response mechanism, is regulated 
by phytochrome, and leads to abnormal growth asymmetry during shoot 
gravitropism. 53  
In contrast to lz-2, dgt has a pleiotropic phenotype. The dgt syndrome of 
phenotypic abnormalities is most apparent in adult plants. These plants exhibit 
profound hyponasty, reduced internode growth, increased anthocyanin, and a 
diageotropic (perpendicular to the gravity vector) growth habit. One of the most 
striking aspects of dgt is that seedling stem segments neither elongate, nor produce 
ethylene, in response to IAA. However, the shoots of dgt plants can elongate in 
response to fusicoccin (Kelly and Bradford, 1986) and brassinosteroids (Zurek et 
al., submitted), leading to the hypothesis that dgt is specific in its inability to perceive 
or respond to IAA. As seedlings, dgt shoots have a sluggish (but normal in 
direction) gravitropic response, a response which is gradually lost as the plants 
mature (Rice and Lomax, in preparation). The roots of dgt plants do not form branch 
roots and have a greatly reduced gravity response. In addition, inhibition of root 
segment elongation by exogenous IAA is substantially reduced in dgt roots as 
compared to wild type roots. 
Here we report the construction of a double mutant homozygous at both the 
dgt and the lz-2 loci. We compared a number of physiological responses of the 
double mutant seedlings with those of both lz-2 and dgt single mutant, as well as 
wild type, seedlings. Hypocotyls of double mutant seedlings grow down in R as do 
lz-2 hypocotyls, but they do so with the much slower kinetics typical of dgt 
seedlings. Double mutant shoots are morphologically very similar to dgt shoots, and 
stem segments do not respond to IAA. The roots of the double mutant are 
indistinguishable from dgt roots. They do not form lateral roots or grow downward 
in response to gravity to any appreciable extent. As in dgt roots, inhibition of 
elongation by exogenous IAA is greatly reduced in double mutant roots. The 
phenotype of the double mutant suggests that the lz-2 and dgt gene products act 54 
independently to mediate both root and shoot gravitropism; consistent with the notion 
that these loci control distinct steps in the gravity-response mechanism. 55  
Materials and Methods 
Plant Material 
Seeds of wild type (cv Ailsa Craig) and the near isogenic tomato 
(Lycopersicon esculentum, Mill.) lines diageotropica and lazy-2 (both in the Ailsa 
Craig background), were originally supplied by Dr. C.M. Rick of the Tomato 
Genetics Stock Center, University of California, Davis. lz-2 is an ethyl 
methanesulphonate-induced mutation isolated by Sorressi and Cravedi (1967) and 
dgt is a spontaneous mutation isolated by Zobel (1968). 
Seeds were soaked in 20% bleach for 15 min, rinsed well with tap water and 
sown in "phyta trays" (Sigma, St. Louis, MO,) lined with water-saturated, 
unbleached paper towels (Kimtowels, Kimberly-Clark Corporation, Roswell, GA) 
and one (top) layer of Whatman 3mm (Whatman International Ltd., Maidstone, 
England). The plates were sealed with parafilm (American National Can, 
Greenwich, CT), wrapped in aluminum foil and incubated in the dark at 28°C. 
Typically, seedlings were incubated 4 to 5 d in the dark, until hypocotyls 
were 10- to 20-mm in length. All experiments were carried out with such seedlings 
irradiated with continuous R, because it was previously found that the lz-2 phenotype 
was maximally induced by continuous R (Gaiser and Lomax, 1993). 
Light Source 
Continuous red light (R) was provided by two overhead fluorescent tubes 
filtered through red acrylic (Shinkolite 102, Argo Plastics Co., Los Angeles, CA) 
providing 20 ptmol in-2 s-1 at seedling level. Fluence rates were measured with a Li-
Cor quantum sensor (model Li-185A) which measures photosynthetically-active 
radiation (PAR). 56  
Genetic Crosses and Screening Assays 
Reciprocal crosses were made between dgt and lz-2. The resultant Fl 
progeny were grown to maturity and allowed to self-pollinate. The F2 seed were 
collected, sown as described above, and grown until the hypocotyls were 
approximately 10- to 15-mm in length (4 to 5 d). The seedlings were then placed in 
continuous R for 2 d and assayed for downward growth and formation of lateral 
roots. A total of 380 F2 seedlings were screened in this way. It was subsequently 
found that a more accurate assay for formation of lateral roots could be obtained by 
placing dark-grown seedlings on Petri plates containing 0.75% agar prior to R 
irradiation. The seedlings were oriented so that when the plates were placed on edge, 
the seedlings were in an upright position (see Figure IV.1). Downward growth of 
the hypocotyls and lateral root formation were scored after 2 d in continuous R. An 
additional 180 seedlings were screened with this assay. 
Hypocotyls were scored as exhibiting "downward growth" if the apical 
region was reoriented at an angle 90° from vertical as previously described (Gaiser 
and Lomax, 1993). Formation of lateral roots was assayed by visual inspection. 
Hypocotyl and Root Elongation Assays 
Wild type, dgt, lz-2 and dgt;lz-2 double mutant seedlings were grown in the dark 4 to 
5 d as described above. 10-mm hypocotyl sections were cut immediately below the 
hook. Sections were placed in small Petri dishes (60 X 15 mm) containing 10 mL of 
2.5 mM 2- [N- morpholino] ethane-sulfonic acid (MES)-KOH, pH 6.0, 0.5% sucrose 
±IAA. The sections were incubated in R with gentle shaking for 24 h and then 
measured to the nearest mm with a ruler. 57 
10-mm root sections (root tip and cap intact) were cut from similar seedlings 
and incubated and measured as for the hypocotyl sections. The buffer for root 
section elongation assays was 5.0 mM MES-KOH, pH 6.0, 1.0% sucrose. 
Curvature Assay 
The rate of curvature of wild type, lz-2, dgt and dgt.,1z-2 double mutant 
seedlings was measured by placing seedlings with 10- to 15-mm hypocotyls on Petri 
dishes containing 0.75% agar. The seedlings were situated so that when the plates 
were placed on edge, the axes of the hypocotyls were perpendicular to the gravity 
vector. The seedlings were placed in continuous R and photocopied every 4 h for the 
duration of the experiment. Gravitropic curvature was measured directly from the 
photocopies. Because these seedlings were incubated in continuous R, the amount 
of light received from photocopying had no effect on the rate or extent of curvature. 
Root Gravitropism 
Dark-grown 4-d-old seedlings were placed on 0.75% agar plates so that the 
root axes were oriented perpendicular to the gravity vector. The seedlings were 
incubated for 2 d in continuous R. Visual inspection was made of the roots to 
determine the gravitropic response. Roots were scored positive for gravitropic 
response if any downward growth of the root tip was observed. The percentage of 
roots in a seedling population exhibiting a gravitropic response was calculated as 
(number of roots reoriented downward/total number of roots on plate) X 100. 58  
Results 
Screening the F2 Population for Putative Double Mutants 
It was not known if an epistatic interaction existed between the dgt and lz-2 
loci. However, it was hypothesized that in a double mutant: 1) lz-2 would not affect 
the lack of lateral roots characteristic of dgt , and 2) dgt would not completely prevent 
the R-induced downward growth of the hypocotyl characteristic of lz-2. Therefore, 
the F2 population was screened for seedlings whose hypocotyls grew downward in 
R and which lacked lateral roots. Table IV.1 contains the results from the screening 
assay in which dark -grown F2 seedlings were incubated for 2 d in continuous R on 
agar plates. Four phenotypic classes of seedlings were observed and are visible in 
Figure IV.1, which also illustrates the plate assay. The largest class contained 
seedlings which did not exhibit R-induced downward growth of the hypocotyl and 
formed lateral roots. Presumably, this class contained seedlings with at least one 
wild type allele at each locus. Two classes of approximately equal distribution 
occurred which exhibited either downward growth of the hypocotyl and had lateral 
roots (homozygous at the lz-2 locus and heterozygous or homozygous for wild type 
alleles at the dgt locus), or did not exhibit downward growth of the hypocotyl and 
did not have lateral roots (homozygous at the dgt locus and heterozygous or 
homozygous for wild type alleles at the lz-2 locus). The least abundant class 
exhibited both R-induced downward growth of the hypocotyl and a total lack of 
lateral roots. The appearance of four phenotypic classes indicates little or no epistatic 
interaction between the dgt and the lz-2 loci for these two characteristics. That the 
four classes segregated in approximately a 9:3:3:1 ratio indicated that the two loci 
were unlinked. Seedlings in the least abundant class were presumed to be 
homozygous at both the dgt and the lz-2 loci and were grown to maturity. Table IV.1. Segregation of phenotypic classes in the F2 generation. R-irradiated F2 seedlings were 
assayed and scored as described in Materials and Methods. Abbreviations: Upright, upward growing 
hypocotyls (wild type); Downward, downward growing hypocotyls (lz-2); LR, lateral roots (wild type); 
NLR, no lateral roots (dgt); Obs., observed no. of seedlings; Exp., expected no. of seedlings based on 
the 9:3:3:1 segregation ratio characteristic of two unlinked loci. 
Number of seedlings exhibiting phenotype 
Cross  Upright/LR  Upright/NLR  Downward/LR  Downward/NLR  Total 
Obs.  Exp.  Obs.  Exp.  Obs.  Exp.  Obs.  Exp. 
dgt X lz-2 F2  109  101  30  34  29  34  12  11  180 60  
Figure IV.1. Photograph of the plate assay used to screen for downward growth 
and lateral roots. Representative seedlings of each of the four genotypes (wild type, 
dgt, lz-2 and dgt;lz-2 double mutant) were placed on a 0.75% agar plate. The 
seedlings were arranged with their hooks oriented in the same direction. When the 
plate was placed on edge, the hypocotyl axes were oriented parallel to the gravity 
vector. The plate was incubated in continuous R for 2 d prior to being 
photographed. Note the pronounced downward curve present in the hypocotyl of the 
lz-2 seedling and the more gradual downward curve present in the hypocotyl of the 
double mutant. Note also the lack of lateral roots characteristic of dgt and double 
mutant roots. 61 
Verification of Putative Double Mutants 
To verify homozygosity at both loci, flowers of the putative double mutants 
were either allowed to self-pollinate or were backcrossed with pollen from either the 
dgt or the lz-2 parent. Since the putative double mutants appeared to have a 
phenotype distinct from either parent, an accidental self-pollination could be 
distinguished from an actual cross-fertilization. The genotypes of the progeny from 
these crosses were determined by incubating dark-grown seedlings in R for 2 d as 
above. As can be seen in Table IV.2, the progeny from a putative double mutant 
backcrossed to dgt were virtually identical to dgt itself in that they grew upright in R 
and still lacked lateral roots. Conversely, when a double mutant was backcrossed to 
lz-2, the progeny continued to exhibit downward growth in R, but regained the 
ability to form lateral roots. A total of five double mutant lines were verified by this 
procedure and subsequently maintained by self-pollination. 
Analysis of Shoot Gravitropic Curvature 
Several differences in the characteristics of downward growth were noticed 
between lz-2 and the double mutant during the screening assays. For example, 
although most double mutant seedlings in the screening assay grew downward in R, 
we did not observe 100% induction as is typical for lz-2 seedlings. Also, downward 
growth of vertically oriented lz-2 hypocotyls was strongly dependent on the position 
of the apical hook present in etiolated seedlings. When such seedlings were 
illuminated with R, the direction of downward growth was away from the 
cotyledons. Thus, if the apical hook is defined as having a direction toward the 
apical meristem, in R-irradiated lz-2 seedlings the hook is bent backward (see Fig. 
IV.1). However, this strong preference for direction of downward growth away 
from the cotyledons did not seem to be present in the double mutants. It was 62 
Table IV.2. Downward growth of hypocotyls and absence of lateral 
roots in a typical double mutant line. Progeny seedlings from self-
pollination of dgr,lz-2 double mutant line no. 9, and from separate 
backcrosses of this line to dgt and lz-2, were placed on agar plates for 2 
d in R and then scored for downward growth and presence of lateral 
roots. The data from wild type, dgt and lz-2 are presented as means ± 
SE from three experiments. 
% of seedlings exhibiting 
Genot p e  downward  owth  lateral roots 
wild type  0 ±0  100 ± 0 
dgt  8 ± 1  0 ± 0 
lz-2  100 ±0  100 ±0 
dgt,lz-2  94  0 
dgt;lz-2 X dgt  9  0 
dgt;lz-2 X lz-2  91  100 63  
common to observe double mutant seedlings which had grown forward over the 
hook (see Figure IV.1). Lastly, R-irradiated lz-2 hypocotyls exhibited a sharp 
downward curve, whereas the double mutants exhibited a more gradual downward 
curve. In order to determine if these differences were due to a difference in rate of 
curvature, a difference in the hook-dependent gravitropic response, or both, a 
detailed analysis of the gravitropic response of etiolated lz-2 and double mutant 
seedlings was carried out. 
The data in Figure IV.2A and IV.2B are from experiments in which seedlings 
were situated perpendicular to the gravity vector oriented either with their cotyledons 
downward ("hook down", IV.2A) or upward ("hook up", IV.2B). Figure IV.2A 
illustrates the differences in direction and rate of gravitropic curvature between wild 
type, dgt, lz-2 and the double mutant. Curvature was nearly complete in the wild 
type seedlings 8 h after gravistimulation. dgt, on the other hand, had a more 
sluggish response. In fact, dgt seedlings were not able to fully reorient their 
direction of growth even by 60 h after the onset of gravistimulation. Surprisingly, 
lz-2 hypocotyls initially grew upward (in the wild type direction) for approximately 8 
h before reversing their direction of growth and commencing the downward growth 
characteristic of lz-2. Comparison of Figures IV.2A and IV.2B illustrates that 
downward growth of lz-2 seedlings was strongly dependent upon hook orientation. 
In contrast to lz-2 seedlings placed hook down (Fig. IV.2A), lz-2 seedlings placed 
hook up (Fig. IV.2B) began downward growth immediately after gravistimulation, 
without the initial upward growth response. The rate of downward curvature of lz-2 
seedlings oriented hook down was similar to that of seedlings oriented hook up, but 
on a timescale delayed by approximately 12 h. This dependence on hook orientation 
apparently is reversed to some extent in the double mutant. Double mutant seedlings 
oriented hook down (Fig. IV.2A) grew downward slightly faster than those oriented 64 
Figure IV.2. Gravitropic response of wild type, dgt, lz-2 and double mutant 
seedlings. Etiolated seedlings were placed on 0.75% agar plates so that the 
hypocotyl axes were oriented perpendicular to the gravity vector when the plates 
were placed on edge. The seedlings were situated either with their cotyledons down 
(hook down, A) or with their cotyledons up (hook up, B). The plates were placed 
on edge (gravistimulated) in continuous R at time zero; the arrow indicates the 
direction of the gravity vector relative to the seedlings. The seedlings were 
photocopied at 4 h intervals and the degrees of curvature from horizontal were 
determined directly from the photocopies. The graphs depict the mean degrees of 
curvature from no less than three separate experiments with at least 15 seedlings per 
experiment. The SE of the means are indicated. 65 
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Figure IV.2. (continued) 66 
hook up (Fig. IV.2B), and did not exhibit the initial upward growth response 
observed in hook down lz-2 seedlings. However, in the double mutant seedlings 
oriented hook up, such upward growing seedlings were occasionally observed, 
accounting for the substantial amount of error associated with some mean degrees of 
curvature in Figure IV.2B. 
Although the kinetics of downward growth of lz-2 and the double mutant 
were similar when both were oriented hook down (Fig. IV.2A), the rate of 
downward growth of the double mutant was never as rapid as lz-2 seedlings oriented 
hook up. Thus, it appears that both the rate of downward growth, and the 
dependence of the gravitropic response on hook orientation, are different between lz-
2 and the dgt;lz-2 double mutant. It is possible, therefore, that the cellular processes 
which lead to downward growth of lz-2 hypocotyls are altered, not simply slowed, 
by dgt in the double mutant. 
It is not clear to what extent hook orientation governs the gravity response of 
wild type and dgt seedlings. There appeared to be little difference in the gravitropic 
response of wild type tomato seedlings whether oriented hook down or hook up 
(data not shown). The situation in dgt is complicated by the fact that measurement of 
seedlings oriented hook up is difficult. Curvature of hook up-oriented dgt seedlings 
does not take place in a defined region, but rather in a diffuse manner along the 
length of the hypocotyl. This morphology, although in itself interesting, makes 
accurate determination of curvature extremely error- prone. 
Hypocotyl Elongation 
The ability of wild type, lz-2, dgt and double mutant shoots to elongate in 
response to auxin was determined by incubating hypocotyl sections in various 
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Figure IV.3. Elongation of wild type, dgt, lz-2 and double mutant hypocotyl 
sections in response to IAA. 10-mm hypocotyl sections were incubated in buffered 
solutions containing the indicated concentrations of IAA for 24 h. The sections were 
measured with a ruler at the end of the incubation. 10 mm was subtracted from the 
final length of each section to yield the change in length (AL). The graph depicts the 
means from three separate experiments with at least 10 sections per experiment. The 
SE of the means are indicated. 68 
similar, if not identical, to wild type tomato seedlings in the ability to respond to 
exogenous IAA. Both genotypes exhibit a dose-response curve typical of tomato 
seedlings, with a maximum response observed at IAA concentrations between 10-5 
and 10-4 M. In contrast, dgt stem segments show no response to IAA. No 
elongation of dgt segments is observed even at IAA at concentrations as high as 10-4 
M. The response of stem segments from the double mutant is virtually 
indistinguishable from that of dgt, indicating that there is no modulation of the dgt 
response by the lz-2 locus. 
Root Gravitropism 
The roots of lz-2 plants appear morphologically normal and are able to grow 
downward in response to gravity (Gaiser and Lomax, 1992). The roots of dgt 
plants, on the other hand, are severely altered by the dgt mutation. In addition to the 
lack of lateral roots described above, the roots of adult dgt plants appear thickened 
and tend to curl in a mass near the surface of the soil. This is probably due in part to 
the lack of a normal root gravitropic response. This is clear in dgt seedlings which 
show virtually no downward growth in response to gravity (see Figure IV.1). The 
data in Table IV.3 are from experiments in which wild type, lz-2, dgt and dgt;lz-2 
double mutant seedlings were placed on agar plates with the roots oriented 
perpendicular to the gravity vector. After 2 d of R irradiation, 85% of either wild 
type or lz-2 seedlings had reoriented their direction of growth downward. In 
contrast, very few dgt or double mutant roots had undergone a growth reorientation. 
In fact, the percentage of gravity-responsive dgt and double mutant roots indicated in 
Table W.3 is probably an overestimate. This is because roots from both genotypes 
occasionally exhibit a slight bend a few millimeters behind the root cap. Roots which 
were thus curved were scored as responding to gravity. However, these roots 69 
Table IV.3. Gravity response of double mutant roots. 
Seedlings were placed on agar plates, gravistimulated for 2 d in 
R, and the number of roots growing down was recorded. The 
data are from four separate lines of double mutants and the 
corresponding controls. 
% of population, ± SE 
wild type  86 ± 3 
d g t  18  ± 3 
lz-2  85  ± 8 
dgt;lz-2  22  ± 3 70 
seldom curved any further, and clearly exhibited an aberrant gravitropic response. 
Root Elongation 
The data presented in Figure IV.4 illustrate that the elongation of wild type 
and lz-2 root segments is significantly inhibited by IAA concentrations above 10-8 
and completely inhibited by 10-5 M IAA. In contrast, dgt and double mutant root 
segments are much less sensitive to IAA. At concentrations between 10-8 and 10-6 it 
appears that dgt and double mutant roots are between 10- and 50-fold less sensitive 
to IAA than are lz-2 and wild type roots. It is probable that the lack of inhibition of 
root elongation of dgt is analogous to the lack of IAA-stimulated hypocotyl 
elongation also exhibited by dgt. Both responses demonstrate an inability to respond 
to exogenous IAA, and both are present in the double mutant. 71 
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Figure IV.4. Inhibition of elongation of wild type, dgt, lz-2 and double mutant 
root sections in response to IAA. 10-mm sections were incubated in buffered 
solutions, containing the indicated concentrations of IAA, for 24 h. The sections 
were measured with a ruler at the end of the incubation. 10 mm was subtracted from 
the final length of each section to yield the change in length (AL). The graph depicts 
the means from three separate experiments with at least 10 sections per experiment. 
The SE of the means are indicated. 72 
Discussion 
Construction of double mutant lines can help define the roles of individual 
mutant genes. In addition, double mutants are often useful in the determination of 
physiological and genetic relationships between two distinct loci. In this case, we 
have constructed lines homozygous for two recessive mutations involved in the 
gravitropic response of higher plants. The phenotype of plants harboring the lz-2 
mutation is quite distinct from that of plants carrying the dgt mutation, yet it was 
possible that these two mutations were alleleic. However, the Fl progeny of the 
cross between lz-2 and dgt had a wild type phenotype, illustrating that these two loci 
are genetically distinct. The segregation of four distinct phenotypes (wt, dgt, lz-2 
and dgrlz-2) in approximately a 9:3:3:1 phenotypic ratio in the F2 generation 
indicates that the two genes are unlinked. 
There appears to be no interaction between the /z-2 and dgt gene products in 
the roots of the double mutant. Double mutant roots are identical to dgt roots in that 
they do not form branch roots, have a greatly reduced gravitropic response, and 
exhibit a reduced sensitivity to IAA. The roots of lz-2 plants are wild type for all 
these characteristics. Therefore, it is likely that the lz-2 lesion is shoot specific and 
has no function in the root. 
For the most part, the shoots of the double mutant are phenotypically similar 
to both parents. Stem segments do not elongate in response to IAA like dgt stem 
segments, but the shoot grows downward in R like lz-2 shoots. dgt hypocotyls have 
a sluggish gravitropic response, and the hypocotyls of the double mutant grow 
downward much more slowly than do lz-2 hypocotyls. Thus, the double mutant 
shoot gravitropic response appears to be a combination of the dgt and lz-2 responses. 73 
The involvement of IAA in the gravitropic response of shoots has been 
studied for many years (Went, 1928). It is widely believed that IAA redistribution 
leads to turgor-driven asymmetric growth (Pickard, 1985). dgt is an example of a 
mutation which leads to a reduced ability to respond to IAA in both the shoot (Kelly 
and Bradford, 1986) and the root (the present paper). Significantly, dgt plants 
exhibit wild type responses to other growth regulators such as fusicoccin (Kelly and 
Bradford, 1986) and brassinosteroids (Zurek et al., submitted). Thus, the dgt lesion 
most likely leads to a specific reduction in IAA-responsiveness, rather than simply a 
reduction in overall growth. This in turn implies that the reduction in IAA-sensitivity 
of dgt is responsible for its sluggish gravity response, as well as the sluggish gravity 
response of the double mutant (Fig. IV.2A and IV.2B). It should be noted that the 
aberrant gravity response of dgt plants becomes more severe with age (Rice et al., in 
preparation). dgt seedlings like those used in this study do not exhibit a diageotropic 
gravity response as the name diageotropica implies, but rather a sluggish response in 
the wild type direction. 
In spite of a normal (wild type) response to exogenous IAA (Figs. N.3 and 
IV.4), the lz-2 lesion results in a gravity response opposite in direction from that of 
wild type. The lz-2 lesion clearly leads to an altered gravity-induced growth 
asymmetry, but the cellular processes underlying the formation of this asymmetry are 
unknown. It is possible that the lz-2 phenotype results from an altered auxin 
asymmetry, leading to greater elongation on the upper surface relative to the lower 
surface, thus resulting in downward growth. Preliminary data from this lab (Kim 
and Lomax, unpublished) indicate that during downward growth of lz-2, there is an 
increase in the elongation rate of cells on the upper surface relative to those on the 
lower surface. It is also possible that the growth asymmetry which develops in lz-2 
is independent of auxin, and is the result of an altered asymmetric distribution of, or 74  
sensitivity to, another growth regulator (perhaps an inhibitor). However, that the 
double mutant has a sluggish gravitropic response would tend to support the notion 
that downward growth of lz-2 is related in some way to IAA responsiveness. If the 
cellular process leading to downward growth of lz-2 were completely independent of 
auxin (i.e., due to redistribution of a growth inhibitor), it is unlikely that this growth 
would be slowed in the double mutant by the IAA-insensitivity resulting from the 
presence of the dgt mutation. 
Comparison of the data in Figures IV.2A and IV.2B indicate that the 
mechanism for downward growth of the double mutant is not simply a sluggish 
version of lz-2. It appears that the relationship between hook orientation and 
downward growth of lz-2 is altered in the double mutant. A correlation between 
hook orientation and tropic responses has been reported by Khurana et al. (1989) in 
etiolated Arabidopsis thaliana hypocotyls. These authors found that gravitropic 
curvature was greatest in the hook down orientation. However, we observe very 
little difference between the hook up and hook down orientation in the gravitropic 
curvature of wild type tomato seedlings. In contrast, the gravitropic response of lz-2 
exhibits a marked dependence on hook orientation. Hook down lz-2 hypocotyls 
curve upward for at least 8 h before assuming the downward growth characteristic of 
lz-2; whereas hook up lz-2 seedlings only grow downward (compare Figures IV.2A 
and IV.2B). The relationship between hook orientation and direction of tropic 
response appears to be different in the double mutant. The gravitropic response of 
the hook down double mutant seedlings is maximal as compared to seedlings 
oriented hook up. 
The data presented here support the notion that the lz-2 and dgt gene products 
carry out distinctly different functions during gravitropism. It is reasonable to 
assume that dgt seedlings have an altered gravity response because they are less 75 
sensitive to a gravity-induced IAA asymmetry. The mechanism by which lz-2 directs 
(downward) growth remains in question. It is most likely that the altered gravity 
response is due to a gravity-induced alteration in IAA sensitivity or IAA distribution. 
It appears that in double mutant plants, the dgt mutation does not affect the ability of 
the lz-2 lesion to establish this altered sensitivity or distribution asymmetry. Rather, 
dgt affects the ability to grow in response to that asymmetry. 76 
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Possible Mechanisms for Downward Growth of lazy-2 
The gravitropic tomato mutant lz-2 is unusual in that it can perceive and 
respond to gravity and has no obvious alteration in auxin physiology. Unlike 
mutants which cannot perceive gravity because of a defect in amyloplast 
sedimentation (e.g., lazy-1; Roberts, 1984), lz-2 mutants are able to sense and 
respond to gravity. However, it is conceivable that lz-2 mutants are altered in the 
way they sense gravity. Perhaps the amyloplasts "float up" in the cell after treatment 
with red light; such behavior could mean that in lz-2 plants the response to the 
perceived gravity vector is normal, but the lz-2 lesion leads to a misperception of that 
vector. This seems unlikely in light of the fact that lz-2 mutants have a wild-type 
response to gravity in the dark, and hypocotyls have been observed to redirect 
growth downward within 2 h of red light irradiation (Fig. 11.4). Thus, a 
fundamental change in the physical properties of the amyloplasts would need to occur 
in less than 2 h. A thorough cytological study comparing the physiology of dark-
grown and red light-irradiated amyloplasts (Heathcote, 1981), as well as direct video 
microscopy of the amyloplasts during gravitropism (Sack and Leopold, 1985) in 
both lz-2 and wild type plants would answer this question. 
Auxin-insensitive gravitropic mutants (e.g. dgt; Kelly and Bradford, 1986) 
are relatively common. That lazy-2 plants have a wild type response to auxin was 
assayed by incubating hypocotyl or root sections in various concentrations of IAA 
(Table II.1 and Figs. IV.3 and IV.4). There was virtually no difference between the 
lz-2 and wild-type responses to exogenous auxin, suggesting no difference in auxin 
sensitivity. However, it is possible that an endogenous factor or process exists 
which is able to modify cellular sensitivity to auxin in whole plants, but is not present 
in cut sections. Such a factor or process could be altered by the lz-2 lesion, leading 79 
to an increase in auxin sensitivity so that the gravity-induced increase in auxin 
concentration present on the lower side of a gravistimulated hypocotyl actually 
becomes inhibitory, and the lower concentration of auxin present on the upper side 
becomes relatively more effective at causing elongation growth. This would lead to a 
reversal of the normal growth asymmetry during gravitropism. Two lines of 
evidence argue against this possibility. First, a difference in general IAA sensitivity 
would be expected to result in a more pleiotropic phenotype than is observed in lz-2 
plants. Auxin is involved in many physiological processes and IAA sensitivity 
mutants typically exhibit multiple phenotypic abnormalities (e.g., dgt). Second, lz-2 
hypocotyls exhibit a wild-type phototropic response. If the altered lz-2 gene product 
leads to increased auxin sensitivity, one would expect the blue light-induced auxin 
asymmetry which develops during phototropism to lead to a reversal of the growth 
asymmetry during phototropism analogous to that observed during gravitropism. It 
could be argued that this is not observed in lz-2 mutants because the pathways for 
gravitropic and phototropic curvature are distinct in wild type plants, and that the lz-2 
lesion only affects the gravity-induced auxin asymmetry. Although this is possible, 
the preponderance of evidence indicates both phototropic and gravitropic stimuli lead 
to a common response mechanism (Poff, 1992). 
Another explanation of the aberrant growth asymmetry of lz-2 plants might be 
that it is not related to auxin at all. It has been proposed, for example, that 
phototropism is the result of an asymmetric redistribution of a growth inhibitor, 
rather than of a growth promoter such as auxin (Bruinsma and Hasegawa, 1990). 
By analogy, asymmetric growth of lz-2 plants during gravitropism could result from 
either an aberrant form of a growth inhibition mechanism present in wild-type plants, 
or a gravity-induced growth inhibition which is unique to lz-2 plants. However, the 
gravity response of the dgt;lz-2 double mutant argues against this explanation. If the 80 
lz-2 lesion leads to an aberrant growth inhibition during gravitropism that is 
independent of auxin sensitivity or redistribution, one would expect the auxin-
insensitivity of the double mutant to have no effect on downward growth. The fact 
that the presence of the dgt lesion in the double mutant greatly retards the 
effectiveness of the lz-2 mutation at causing downward growth argues for at least 
some involvement of auxin in the gravity response of lz-2 plants. 
The most straightforward explanation for the downward growth of lz-2 is that 
a reversal of the normal auxin asymmetry occurs in response to gravity, leading to 
greater cell elongation on the upper surface of a gravistimulated hypocotyl relative to 
the lower surface. This is essentially the Cholodny-Went mechanism operating in 
reverse. Another possibility is that an asymmetric auxin sensitivity develops during 
the wild-type gravitropic response (Firn and Digby, 1980). The notion is that cells 
on the lower side of a gravistimulated hypocotyl could become more sensitive 
(relative to those on the upper side) to auxin, leading to differential growth and 
upward curvature. This sensitivity difference could result from a specific receptor 
which is present (or active) only in a specific tissue or under a specific set of 
physiological conditions. Such a sensitivity difference might not alter overall auxin 
sensitivity and thus would not alter IAA-induced hypocotyl segment elongation. It is 
possible, therefore, that such a process is reversed by the lz-2 lesion so that the cells 
on the upper side become more sensitive to auxin relative to those on the lower side, 
leading to downward growth. 
These two possibilities can be investigated in a number of ways. Direct 
measurement of auxin concentrations on both sides of a gravistimulated hypocotyl 
would determine the nature of the IAA asymmetry in lz-2 seedlings during 
gravitropism. Comparison of the results from these experiments with direct 
measurements of cell elongation rates on both sides of a downward growing lz-2 81  
hypocotyl would help establish the relationship between the in vivo auxin 
concentration and the rate of cell elongation. A molecular approach to this same 
question would be to measure the activity of auxin-inducible genes such as the Small 
Auxin Up-regulated RNA (SAUR) genes isolated by McClure and Guilfoyle (1987). 
Transcription of these genes has been shown to be closely associated with changes in 
auxin concentration during hypocotyl gravitropism (McClure and Guilfoyle, 1989). 
Quantitation of SAUR gene expression during gravitropism of lz-2 plants and 
correlation with direct auxin measurements, as well as comparison with wild type 
plants, would indicate whether cellular sensitivity to auxin is altered in lz-2 plants. If 
an altered sensitivity is found, one could investigate IAA-binding to plasma 
membrane vesicles. This would aid in the investigation of the molecular basis of this 
altered sensitivity by determining whether it was due to a difference in IAA-receptors 
or binding sites. 82  
Implications of Phytochrome Regulation 
The notion that aberrant auxin redistribution is responsible for the downward 
growth of lz-2 is supported by the fact that downward growth of lz-2 is regulated by 
phytochrome. Phytochrome has been shown in both monocotyledonous and 
dicotyledonous plants to control auxin distribution in the stem (Behringer and 
Davies, 1992; Jones et al., 1991). It is possible that in lz-2 this aspect of 
phytochrome control has been altered so that gravity-induced auxin redistribution 
occurs in an aberrant manner. If so, it is most likely that this aberrant auxin 
redistribution represents a novel form of phytochrome control, rather than a mutation 
in phytochrome-controlled physiology in general. This is because phytochrome-
regulated stem elongation (straight growth) of lz-2 seedlings is identical to wild type 
(Table 111.2). If the lz-2 lesion affected the normal mechanism of phytochrome-
regulation of cell elongation, one would expect some deviation from wild type. 
Also, one would perhaps expect a more pleiotropic phenotype in a mutant in which 
such a fundamental process had been altered. 
Analysis of the fluence-response curves for the downward growth of lz-2 
seedlings suggests that the mechanism by which lz-2 redirects growth requires the 
active, Pfr form of phytochrome to be present continuously for full effectiveness. 
Two observations support this supposition. First, in experiments where pulses of 
red light were used to induce downward growth, a continuum of response was 
observed. This process can be observed in Figure 111.2 where maximum downward 
growth was observed 16 h subsequent to a red light pulse, after which reversion to 
the dark-grown phenotype began. In experiments where seedlings were kept in the 
dark more that 16 h after a pulse of light, it was common to observe seedlings which 
were actively growing down, as well as seedlings which had already grown down 83  
and were in the process of reorienting upright. Since Pfr reverts to the inactive Pr 
form in the dark, a mechanism is suggested wherein the transient formation of Pfr by 
a pulse of red light stimulates a reversal of the gravity-regulated growth asymmetry in 
lz-2 plants. The reversion of Pfr to Pr in the dark would lead to a cessation of the 
signal responsible for this reversal, causing the seedlings to revert to the dark-grown 
(normal) gravitropic response. Second, irradiation with continuous red light results 
in more downward growth of lz-2 seedlings than do pulses of light. Although study 
of the fluence-response curves (Fig. 111.3) reveal two responses--a low-fluence 
response and a high-irradiance response--it is clear that the high irradiance response 
(i.e., continuous irradiation) is far more effective at inducing downward growth. 
This result would seem to indicate that Pfr must be present continually, rather than 
transiently, for maximum induction of downward growth of lz-2. 84  
Double Mutant Analysis 
It seems clear that lz-2 and dgt play distinctly different roles in plant growth 
and development. For example in roots, dgt causes a suite of phenotypic 
abnormalities including a greatly reduced gravitropic response, reduced inhibition of 
elongation in response to exogenous auxin, and absence of lateral roots. On the 
other hand, lz-2 roots are wild type for all these characteristics. Also, the dgt lesion 
causes lz-2 roots to behave exactly like dgt roots in plants carrying both mutations. 
These observations indicate that in wild type plants the lz-2 gene product has no 
activity in the roots. Furthermore, these observations reinforce the previously 
observed (Bullen et al., 1989) genetic separation of the root and shoot gravitropic 
mechanisms. 
The situation is more complicated in shoots. At one level, it appears that lz-2 
and dgt act independently of each other, and that the double mutant physiology is a 
summation of the two single mutants. Shoot segments of the double mutant do not 
elongate in response to auxin and are morphologically extremely similar to dgt 
shoots. As is the case in dgt plants, the double mutant forms true leaves earlier, has 
larger cotyledons, and is darker colored than wild type. None of these traits are 
present in lz-2 plants, however, the double mutant grows downward in the light. 
Downward growth of the double mutant is greatly slowed in comparison to the lz-2 
mutant, presumably due to the IAA-insensitivity conferred by the dgt locus. Thus, 
the double mutant shoots seem to be a composite of lz-2 and dgt. 
It appears, however, that the lz-2 and dgt gene products do not act wholly 
independently of one another. The gravity response of the double mutant is not 
simply slowed by dgt in the double mutant since the relationship between hook 
orientation and gravity response characteristic of lz-2 is apparently altered by dgt in 85  
the double mutant. In lz-2, the rate of downward growth does not appear to be 
changed by hook orientation. Rather, hook down lz-2 seedlings grow upward (in 
the wild type direction) for about 8 h, after which they reverse their growth and 
assume the more familiar downward curving phenotype. In contrast, the rate of 
gravitropic curvature of the double mutant is slightly greater when oriented hook 
down as opposed to when oriented hook up. Also, the initial response to gravity in 
the double mutants is much slower. No gravitropism of any kind is observed during 
the first 8 h of gravistimulation, regardless of hook orientation. 
The relationship between hook orientation and gravitropic response is not 
well understood. A relationship has been observed in Arabidopsis seedlings 
(Khurana et al., 1989) where both gravitropic and phototropic responses were 
maximal when the hook was oriented away from the stimulus (i.e., hook toward 
shaded side during phototropism or hook down during gravitropism), but the 
importance of this in nature in unknown. However, lz-2 (Figs. IV.2A and IV.2B), 
dgt (see Chapter IV) and dgt;lz-2 double mutant (Figs. IV.2A and IV.2B) seedlings 
all exhibit some form of hook-dependent gravitropic response. As such, analysis 
and comparison of these plants provide a system to investigate this phenomenon. 86  
Hypothesis 
In summary, the most likely hypothesis is that the lz-2 lesion does not affect 
gravity perception, nor does it affect the plant's overall response to IAA. Rather, the 
lz-2 lesion leads to an altered auxin asymmetry, or auxin sensitivity, in response to 
gravity. This alteration is induced by either an aberrant gene product under normal 
phytochrome control, or perhaps a normal gene product aberrantly brought under 
phytochrome control by the lz-2 lesion. 87 
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